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i, u
Subscript: index of phases. Generally, reliability modelling of PMSs is more challenging than single-phased systems due to the dynamic behavior and dependence of the system in different phases [1, 2] . Over the past few decades, many 
Phased mission system
A PMS performs a sequence of functions or tasks during consecutive time periods to accomplish a specific mission, where each period is regarded as a phase. As a simple example, Figure 1 shows the reliability block diagram (RBD) of a five-component system with three phases. In Figure 1 , it is assumed that the components of the system are divided into two types. Components 1 and 2 are classified as type 1 and the rest as type 2. From Figure 1 , we can see that each phase of the PMS is corresponding to one configuration and the configuration changes from phase to phase.
Moreover, the states of the same component in different phases are dependent of each other. 
The state of the system in phase i can then be described as a binary function 
Reliability importance of each type of components
For a larger system, working with the full truth table
is complicated, and one may particularly only need a summary of the truth table in case that the system has exchangeable components of one or more types.
Recently, the theory of the survival signature has attracted increasing attention for performing reliability analysis of larger systems due to its high efficiency and low complexity [21] [22] [23] [24] [25] . In this section, a new survival signature is applied for reliability and reliability importance analysis of PMSs. Yes
Procedure for the calculation of mi,k Let ( 1,1 , … , 1, 1 , … , ,1 , … , , ) denote the probability that the PMS functions given that precisely li,k, k∈{1, 2, . . . , }, components of type k function in phase i. Since the failure of the components in each phase is assumed to be independent and exchangeable, the survival signature of the PMS can be derived as follows [26] :
( ,..., ,..., ,..., )
where   s  X is the structure function of the PMS 5 defined in Section 2, 1,1 ,…, , denotes the set of all state vectors for the whole system. mi,k is the number of components of type k that function at the beginning of phase i. For phase i=1, m1,k is the number of the components of type k in phase 1. Generally, the number of components of type k that function at the beginning of phase k can be obtained as follows (a) ,
where , (a) is the number of the components of type k that appeared in a phase before phase i that function at the beginning of phase i. While Readers are referred to the work of Huang et al. [26] for more details.
Let phase i run from fixed time τi-1 to fixed time τi with τ0≡0 and τi-1<τi ∀ i, the reliability of the system at time t can be expressed as:
         (7) where N(t)≤N is the phase that the system is in at time t,
is the number of types of components in phase N(t).
If the life times of the components of type k have a known conditional cumulative distribution function (CDF), Equation (7) can be rewritten as follows:
( ) ( ,..., ,..., ,...,
where Ri,k(t)=1-Fi,k(t), Fi,k(t) is the CDF of the life time of the components of type k in phase i conditioned on that these components work at the beginning of phase i.
As an example, now let us describe the procedure to calculate the reliability the PMS in Figure 1 . Firstly, Equation (5) 
6
In reliability engineering, reliability importance measures can be used to prioritize components in a system during reliability improvement and maintenance planning of the system. For these kinds of purposes, a number of measures have been suggested in the literature [27] . Well known reliability importance measures mainly include the Birnbaum importance [28] [29] , Barlow-Proschan importance [30, 31] ,
Fussell-Vesely importance [32] , differential importance [33, 34] , cost-based importance [35] and joint importance [36] . The Birnbaum importance measure for system reliability is undoubtedly the fundamental because many importance measures refer to it. In this paper, the theory of Birnbaum importance measure is applied to propose a practical and efficient method for reliability importance analysis of PMSs.
Mathematically, the Birnbaum importance is the partial derivative of the system reliability with respect to the reliability of an individual component [28, 29] .
Therefore, for the PMS the reliability importance of the components of type v∈{1, 2, . . . , nu} of phase u, u∈ {1, 2, . . . , N} can be derived from Equation (9) as follows: (11) where Ru,v(t) is the conditional reliability of the components of type v in phase u, lu,v is the number of components of type v function in phase u, mu,v is the number of components of type v that function at the beginning of phase u.
Reliability importance of each component
Most practical PMSs for which the reliability importance is investigated consist of multiple components in each type. Therefore, a more interesting challenge is to develop the theory of reliability importance analysis of PMSs with respect to each component in each phase. According to the definition of Birnbaum importance [28, 29] , the reliability importance index of a PMS with respect to component j, j∈{1, 2, . . . , ni} in phase i, i∈{1, 2, . . . , N}, denoted by RIi,j(t), can be defined as follows:
where P(Ts>t|Xi,j=1) represents the probability that the system functions on condition that the jth component works in phase i; P(Ts>t|Xi,j=0) represents the probability that the system functions knowing that the jth component is failed in phase i.
As described in section 2, both the system and its 
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As can be seen from Equation (12) 
where P(Ts>t|Xi,j=Xi-1,j) represents the probability that the system functions if component j in phase i keeps the same state as in phase i-1, for phase i=1, P(Ts>t|Xi,j=Xi-1,j)=P(Ts>t|Xi,j=1). P(Ts>t|Xi,j=0) represents the probability that the system functions knowing that component j is failed in phase i. In Figures 6 and 7 , the switch symbol is used to represent that component 4 in a phase keeps the same state as in the previous phase. Figure (a) (Ts>t|Xi,j=Xi-1,j) and P(Ts>t|Xi,j=0) as follows: 
RI t P T t X P T t X t RI t P T t X X P T t X t RI t P T t X X P T t X t
From Equations (11) and (14) Table 1 summarizes the distribution information. For Weibull distribution, α and β are the scale parameter and shape parameter, respectively; for exponential distribution, λ is the failure rate. The survival signatures of the PMS can be obtained using Equation (7) . All the results are shown in Φ1(l1,1,l1,2)=0, Φ1,2(l1,1,l1,2,l2,1,l2 ,2)=0 and Φs (l1,1,l1,2,l2,1,  l2,2, l3,1, l3 ,2)=0 are omitted. We can obtain the conditional CDF of the life-time of each type of components in each phase by using the parameters shown in Table 1 . Then the reliability of the PMS can be obtained by substituting the survival signatures and the conditional life-time CDFs of the components into Equation (9) . The results are shown in Table 2 and Figure 8 . From the results, we can learn that there is a reliability jump at t=280. The reason is that if components 1 and 3 or components 2, 4 and 5 are failed simultaneously in phase 2, the PMS may still function in phase 2, however, the PMS will be failed immediately when it steps into phase 3. Therefore, there is a sharp reliability jump between phases 2 and 3.
Numerical examples

Figure 10
Reliability importance of each type of components of phase 2 RI . This order is quite different from that from Equation (12) . In engineering practice, it would be wise to give priorities to these components in different phases to effectively increase the chance to complete the phased mission successfully. With the help of the information of reliability importance of the PMS, engineers could design different maintenance strategies in distinct phases to reduce the risk to the lower extent.
Further study shows that since the life-time distribution of components 4 and 5 is the same and their positions are equal in each phase, the reliability importance of components 4 and 5 is equal at any time.
Moreover, an interesting and important conclusion can be drawn from Figures 9-14 Launch is the first phase, followed by Hibern.1, Asteroid, Hibern.2, Comet. The RBD of space application is shown as Figure 15 . It is known that the five phases last for 48, 17520, 672, 26952 and 672 hours, respectively. The lifetimes of all the components follow exponential distributions, and the failure rates of the components in each phase are given in Table 3 . 
Figure 16
Reliability of the PMS As shown in Table 4 , in order to calculate the reliability of the PMS, we divided the components into 5 types. The reliability of the PMS is shown in Figure   15 . The results are the same as these from BDD based method [3] . Table 5 shows the results of reliability importance analysis. From the results we can learn that This further verifies the correctness of the proposed reliability importance analysis method.
Conclusion
The However, it should be noted that the reliability importance discussed in this paper is based on Birnbaum importance. Therefore, reliability importance obtained in this study is the local result which is valid when the reliability is changed by a small amount. If one has an opportunity to improve reliability of components for a large amount, then of course the reliability importance should be calculated multiple times. Moreover, the reliability and reliability importance analysis of PMSs with multiple failure mode components are not studied in this paper. In practice the components may perhaps have more than one failure modes. And global reliability importance analysis of PMS with multiple failure mode components is the subject of current research by the authors. In general, however, this paper presents a practical method for reliability importance analysis of PMSs using the theory of survival signature.
